Abstract This paper presents the first temperature-growth performance curves for a coral reef fish. Thermal tolerance and growth for the juvenile spiny damselfish Acantho chromis polyacanthus were measured at a range of temperatures from 15℃ to 38℃. A. polyacanthus juveniles showed a critical thermal minimum at 15.5℃±0.1 and a critical thermal maximum at 38℃±0.12. Maximal growth (based on changes in length) occurred at 28-31℃, whereas weight gain was maximised at 28℃, which cor responds closely with the annual mean temperature cur rently experienced by these fishes in their natural en vironment. At temperatures ＞31℃ the growth rate de creas ed mark edly in length and weight up to 34℃, where fishes had negligible growth and died within 8-15 days. Sustained increases in ambient temperature (due to climate change) are expected to have significant adverse effects on these fishes. However, any effects of increasing temperature may also be offset by changing the timing of reproduction; by breeding in early spring or late summer, these fishes may still be able to exploit narrow windows of thermal optima, whereas fishes breeding in the height of summer will expose offspring to potentially lethal tem pera tures at critical stages during their development. 
Introduction
Seawater temperature is highly variable and has an important influence on the biology of marine organisms (Wood and McDonald 1997) . Extreme variations in temperature (up to 10℃) are regularly experienced, affecting seasonal patterns of reproduction and growth (Yasue and Takasuka 2009) ; juvenile fishes of many species exhibit maximal growth during summer (Conover 1992) and some species only reproduce during narrow time intervals when temperatures are favourable (Hilder and Pankhurst 2003) . Seasonality in reproduction will determine the temperatures and the growth rate experienced by young fishes (Cargnelli and Gross 1996) . In turn, growth rate during the early life-stage has im portant consequences in survivorship and population dy namics (Campana 1996) . In many cases larger larvae and juvenile fish have greater chance to evade predation (Sogard 1997) and survive lower temperatures in winter (Hurst 2007 (Hurst ). al. 2008 Alexander and Arblaster 2009 ). This will make winter temperatures less harmful but extreme summer temperatures may be detrimental and may lead to marked changes in species' survival, reproductive potential and/ or spatial distributions (Clusella-Trullas et al. 2011 ).
The construction of temperature-performance curves is fundamental to assess the likely effects of climate change on ectotherms (e.g., fishes and lizards) (Huey and Stevenson 1979; Angert et al. 2011) . Most temperatureperformance curves reveal a hump-shaped relationship, whereby performance (e.g., growth) is maximised at some intermediate level of temperature and declines as temperature is increased or decreased (Angilletta 2006) . To understand the capacity and vulnerability of these organisms to future changes in temperature regimes, it is important to establish the critical minimum and maximum temperature that organisms can withstand, the thermal optima, and rates of change in performance at temperatures higher and lower than the thermal optima. TemperatureGrowth performance curves have been calculated extensively for temperate fishes with high economic importance, such as salmonids (Koskela et al. 1997; Jonsson et al. 2001; Larsson and Berglund 2006; Forseth et al. 2009; Elliott and Elliott 2010) , but there are relatively few studies that have attempted to construct temperatureperformance curves for coral reef fishes (Munday et al. 2008a ) and none of these have comprised the complete thermal window for growth, lacking either the right (Ellis et al. 1997) , or the left tail of the curve (Munday et al. 2008b) , precluding the ability to make more accurate projections about the survivorship of coral reef fishes.
The purpose of this study was to construct a comprehensive temperature-performance curve for a coral reef fish. Our study first identified the overall thermal tolerance and then tested for changes in the growth of juvenile spiny damselfish, Acanthochromis polyacanthus (Thresher 1983 ) and given their lack of pelagic larval stage, the populations are genetically subdivided (Bay et al. 2006 ) and may be adapted to perform optimally at local environmental temperatures.
Materials and methods

Thermal tolerance
To test the thermal tolerance we calculated the critical thermal minimum (Ctmin) and maximum (Ctmax) (Beitinger et al. 2000) . We used juvenile fishes from the fish rearing facilities at James Cook University. All juvenile fishes were offspring of four breeding pairs that belonged to the second generation of A. polyacanthus reared in captivity. The breeding pairs were maintained in 70 L tanks with constant flow of aerated seawater at 28℃ (±1℃), similar to their original habitat on Orpheus Island in the central GBR. Twenty-four juveniles were selected randomly between 2 and 3 weeks after hatching and were transported to individual 7.5 L tanks. Juveniles were main tained at 28℃ for seven days and were fed twice a day with dry pellets (INVE NRD 2/4 Aquaculture Nutrition). After that, twelve juveniles were exposed to a gradual increase in temperature (0.26℃/ min±0.07) and twelve to a decrease in temperature (0.23℃/ min±0.10), to the point at which fishes lost equilibrium or experienced muscular spasms (end-point) (Mora and Ospina 2001) .
Temperature was measured continuously during this process using calibrated digital thermometers. The Ctmin and Ctmax were determined as the arithmetic mean of the temperatures at which fishes reached the end-point. The average weight of the fishes was 625±36 mg (min＝414 mg; max＝1185 mg; n＝24) and their average body length was 1.3 cm±0.05 cm (min＝1 cm; max＝1.8 cm; n＝24).
Growth Performance
Temperature performance curves (based on both change in length and weight) were constructed for A. polyacanthus Fig. 1) . Growth rates were fairly similar from 25℃ to 32.5℃, but overall maximum growth (both for Ls and Ww) was recorded at 28-31℃. Fishes at 32.5℃ presented a growth rate (Ww) significantly lower than fishes at 28℃ by anal ysing the data without the extreme temperature treatments (p＝0.04) (Fig. 1) .
Aside from strong physiological responses, temperature also had a marked effect on the behaviour of juvenile A.
polyacanthus. Food intake (based on visual assessment of
the amount of material remaining) increased with rising temperature, and was highest at 31℃ and 32.5℃. Nevertheless, at extreme temperatures (22℃ and 34℃) fishes reduced greatly their food intake in comparison with the other thermal treatments. Fishes in the extreme temperatures also displayed differences with the other treatments regarding boldness. Fishes at 34℃ were trying to hide most of the time by staying closer to the walls and corners of the aquarium and these were observed per forming surface respiration during the day (Fig. 2) , while at night they were motionless at the bottom. Fishes at 22℃ were less active and displayed slower swimming reaction times than fishes at higher temperatures, as suggested by careful observations of the tanks. Fishes from 25℃ to 32.5℃ did not present clear differences in boldness.
Discussion
The optimal temperature for maximising growth performance of juvenile A. polyacanthus (28-31℃) corresponds well with current summertime temperatures in the central section of the Great Barrier Reef, where parental fishes were originally caught. Ambient temperatures at Orpheus Island, central Great Barrier Reef, range from -21℃ to -31℃, with an annual mean temperature of 28.5℃ (Munday et al. 2008b ). This suggests that these fishes are well adapted to local temperature regimes.
Similarly, reproductive performance of A. polyacanthus from the same source populations has been shown to be greatest at 28.5℃ (Donelson et al. 2010) . However, at temperatures ＞31℃ there was a significant decline in the growth of A. polyacanthus, which is expected to translate into lower survivorship, following the bigger-is-better hypothesis (Sogard 1997) . This suggests that unless these fishes can adapt to changing environmental conditions, projected increases in ocean temperatures (Lough 2007) will have significant adverse effects.
Marked declines in growth rates of fishes at temperatures above their normal summer maxima is generally attributed to increased energy requirements for maintenance combined with declines in energy attainment due to failures in the circulatory and respiratory systems (hypothesis of oxygen and capacity limited tolerance: OCLT) (Pörtner and Peck 2010) . It has been shown that A. polyacanthus juveniles from Lizard Island reduce their aerobic scope when exposed to temperatures above 29℃ (Nilsson et al. 2009; Gardiner et al. 2010) , correlating well with our results in growth and other studies of reproduction (Donelson et al. 2010) . In our study the performance became critical at 34℃, where fishes started to perform surface respiration, had markedly reduced food intake and ultimately died after prolonged exposure. Surface respiration is a behaviour that fishes adopt in order to cope with hypoxic stress (Gee and Gee 1991) 
